Multiple essential small GTPases are involved in the assembly of the ribosome or in the control of its activity. Among them, ObgE (CgtA) has been shown recently to act as a ribosome antiassociation factor that binds to ppGpp, a regulator whose bestknown target is RNA polymerase. The present study was aimed at elucidating the expression of obgE in Escherichia coli. We show that obgE is cotranscribed with ribosomal protein genes rplU and rpmA and with a gene of unknown function, yhbE. We show here that about 75% of the transcripts terminate before obgE, because there is a transcriptional terminator between rpmA and yhbE. As expected for ribosomal protein operons, expression was highest during exponential growth, decreased during entry into stationary phase, and became almost undetectable thereafter. Expression of the operon was derepressed in mutants lacking ppGpp or DksA. However, regulation by these factors appears to occur post-transcription initiation, since no effects of ppGpp and DksA on rplU promoter activity were observed in vitro.
R
ibosome biogenesis is a complex, hierarchical, and highly regulated process. The number of ribosomes and the synthesis rates of their components are constantly adapted to the cell's growth rate. In bacteria, the stringent response is mediated by guanosine tetra-and pentaphosphate (both referred to here as ppGpp), which control the expression of rRNA operons in response to changes in the availability of nutrients (1, 2) . In Escherichia coli, ppGpp binds directly to RNA polymerase (RNAP) to regulate transcription from rRNA promoters (3) (4) (5) (6) and requires the protein cofactor DksA to exert its full effect (7) . As a consequence of the inhibition of rRNA synthesis by ppGpp and DksA, specific ribosomal proteins transiently accumulate in excess of the rRNAs, and these excess ribosomal proteins inhibit the expression of their own operons, in most cases by binding to their mRNAs and repressing translation (translational feedback control) (8) .
It has become clear in recent years that transcription from many, but not all, ribosomal protein promoters is also inhibited directly by ppGpp/DksA (9) . However, effects of ppGpp/DksA on transcription and/or translational feedback have not been investigated for all of the r-protein operons, and further information is still required to understand this fundamental gene regulatory network. For example, the regulation of the S2, L25, and S6 r-protein operons was elucidated only recently (10) (11) (12) . In the present study, we investigated the regulation of a previously neglected operon, rplU-rpmA, that codes for 50S subunit r-proteins L21 and L27, respectively.
Ribosome biogenesis has been studied extensively, both in vitro and in vivo (13) . The rRNAs are chemically modified and acted on by helicases; in addition, small GTPases are required for correct ribosome assembly (14) . One of the small, essential GTPases, ObgE (CgtA), contains a typical GTPase domain and an N-terminal Obg domain that defines this family (for reviews, see references 15, 16, and 17) . Obg proteins have been implicated in ribosome biogenesis repeatedly, and they have also been implicated in regulation by ppGpp during the stringent response (17) . A cocrystal of Bacillus subtilis Obg was solved with ppGpp, suggesting that ppGpp might act on it directly (18) . It was recently proposed that ObgE prevents the association of the 30S and 50S subunits by mimicking a tRNA in the peptidyltransferase center (19) . These findings might explain some of the pleotropic phenotypes of obg mutants, which have led to proposals of ObgE involvement in central functions as diverse as chromosome segregation, cell division, resistance to DNA damage, and persistence (20) .
The obgE gene is located downstream from rplU, rpmA, and yhbE in E. coli ( Fig. 1) . yhbE has been annotated as coding for an integral inner membrane protein of unknown function. The obgE, rplU, and rpmA genetic neighborhood is conserved in the majority of bacteria, resulting in a score of 0.99 in String prediction (21) (Fig. 1) . Regulation of the rplU and rpmA genes was not examined in the era when most other r-protein operon regulation studies were undertaken (8) . Few studies have focused on these genes since that time, perhaps because the central role of the neighboring ObgE protein in ribosome biogenesis was not appreciated. Transcriptome analysis has shown that rpmA, yhbE, and obgE are inhibited during the stringent response and that the inhibition is dependent on RelA and SpoT, the ppGpp synthases (22) . These data are consistent with the organization of the rplU, rpmA, yhbE, and obgE genes as an operon and with the possibility that the operon's promoter(s), like many other r-protein promoters, is regulated by ppGpp/DksA (9) . However, regulation of this promoter(s) has not been characterized and little or no information is available about whether expression of the operon is regulated posttranscriptionally by translational feedback.
Here we characterize the expression of obgE and its associated genes, rplU, rpmA, and yhbE. We found that obgE and yhbE are cotranscribed with rplU and rpmA and that the operon is regulated by nutritional conditions, consistent with an integral role of ObgE in ribosome assembly. However, unlike the majority of r-protein promoters, the rplU promoter does not appear to be regulated directly by ppGpp/DksA.
MATERIALS AND METHODS
Media and chemicals. Cells were grown in lysogeny broth medium (LB; bactotryptone [10 g/liter], yeast extract [5 g/liter] , NaCl [10 g/liter], pH 7.5) unless stated otherwise. The plasmids were maintained with ampicillin (Amp; 100 g/ml), chloramphenicol (Cam; 50 g/ml), or kanamycin (Kana; 50 g/ml).
Plasmid constructions. (i) Transcriptional fusions with gfp. Gene expression was monitored using transcriptional fusions with gfpmut2 using the pUA66 and pUA139 plasmids (23) or with gfpasv using the pZEgfp plasmid (24) . The GFPmut2 variant is highly stable, while the half-life of the GFPasv variant is about 100 min (25) . The transcriptional fusion with the ispB upstream region was available in the E. coli promoter library (21) , which shows the high conservation of the rplU-rpmA-obg association among bacteria (string score, Ͼ0.99). The triangles represent genes that do not show conserved genetic association with obg. (23) . The other intergenic regions were amplified by PCR with different primer pairs (see Table S1 in the supplemental material) using purified genomic DNA of strain MG1655 as the template. PCR products were then digested by BamHI/XhoI restriction enzymes and cloned into pUA139, pUA66, or pZE-gfp (Table 1) .
(ii) Plasmids for protein expression. The DNA sequence of mlrA was amplified by PCR on genomic DNA using the oligonucleotides Ebm770/ Ebm771, digested by EcoRI/XhoI, and cloned into the EcoRI/SalI sites of pBAD24 (26) to obtain plasmid pBAD-MlrA (pEB1366). The DNA sequences of rplU, rpmA, and sequential peptide affinity (SPA)-tagged yhbE (yhbE-SPA) were amplified by PCR of genomic DNA from strain EB114 using the oligonucleotides Ebm852/Ebm968, digested with EcoRI/XhoI, and cloned into pIBA37ϩ (IBA) to obtain plasmid pIBA-U.A.yhbE-SPA (pEB1466). The pIBA-U.A.⌬.yhbE-SPA plasmid (pEB1467) was obtained by mutagenesis of pEB1466 using oligonucleotides Ebm892/Ebm893.
(iii) Plasmids for recombination and terminator deletion. A sequence of 1,940 bp encompassing the rplU-rpmA-yhbE region was amplified using oligonucleotides Ebm846/Ebm558 and cloned between the BamHI and SalI restriction sites of pKO3 (27) . The terminator deletion was then introduced by directed mutagenesis using oligonucleotides Ebm892/Ebm893 in the pKO3-rplU-rpmA-yhbE plasmid, in order to obtain the pKO3-U.A.⌬T.yhbE plasmid (pEB1449).
(iv) Plasmids for in vitro transcription reaction. The promoter for rplU was PCR amplified from the E. coli chromosome using primers RLG6565/RLG6566 and cloned into the EcoRI/HindIII site of the transcription vector pRLG770 (28) .
Strain constructions. Deletion mutant strains were obtained from the Keio collection (29) . The tandem affinity purification (TAP)-or SPA-tagged strains were obtained from the collection of strains described in reference 30, obtained from Open Biosystems, or constructed as described previously (31) using plasmid pJL72 or plasmid pJL148 (32) . For both types of strains, the recombinant genes were transferred to the desired strain background by P1 transduction (Table  2 ) (33) . When required, the kanamycin resistance gene was removed using the pCP20 plasmid (34) . The terminator deletion was introduced into the chromosome of MG1655 yhbE-SPA and MG1655 obgE3Flag strains using the pEB1449 plasmid by the method described previously (27) . Table S1 in the supplemental material. The reactions were performed in parallel with (ϩ) or without (Ϫ) reverse transcriptase in the PCR mix. The sizes (in base pairs) of the fragments in the DNA ladder are indicated to the left of the agarose gel. (C) Screen for promoter activity using transcriptional fusions with gfpmut2. The MG1655 strain was transformed using the indicated transcriptional fusion plasmids (pEB898, pEB1364, pEB1197, pEB1383, and pEB1198) ( Table 1) . After growth in LB at 30°C, fluorescence was measured at exponential phase, with the OD 600 between 0.8 and 1. Error bars show the standard deviations calculated from the results determined for 4 replicates. UPrplU, UPrpmA, UPyhbE, and UPobgE refer to DNA fragments upstream of rplU, rpmA, yhbE, and obgE, respectively, cloned in the pUA66 or pUA139 plasmid.
RNA preparation, RT-PCR, and mapping of the TSS. Total RNA was prepared from 10 ml of MG1655 cells grown to an optical density at 600 nm (OD 600 ) of 1.3 using a PureYields RNA Midiprep system from Promega. RT-PCRs were performed using a Promega Access reverse transcriptase PCR (RT-PCR) system. The transcription start site (TSS) was determined using an RLM-RACE kit from Ambion.
Transcriptional fusion with gfp. Wild-type E. coli strain MG1655 or isogenic mutant strains were transformed with plasmids carrying transcriptional fusions of gfpmut2 or gfpasv and were maintained with kanamycin or ampicillin, respectively. For cotransformation with pUA plasmids, compatible plasmids (pBAD24 and derivatives) were used and ampicillin was added. Selection plates were incubated at 37°C for 16 h. A 600-l volume of LB medium supplemented with required antibiotics, and with arabinose (0.01% or 0.05%) when necessary for PBAD-driven expression, was inoculated (3 to 6 replicates per assay), and the cells were grown for 16 h at 30°C in 96-well polypropylene plates (2.2-ml wells) under conditions of aeration and agitation. A 150-l volume was transferred from each well to a black Greiner 96-well plate for reading absorbance at 600 nm and fluorescence (excitation, 485 nm; emission, 530 nm) in a Tecan Infinite M200 plate reader. The expression levels were calculated by dividing the intensity of fluorescence by the absorbance at 600 nm. These results are given in arbitrary units because the intensity of fluorescence is acquired with variable gain and hence varies from one experiment to the other.
SDS-PAGE and Western blotting. SDS-PAGE, electrotransfer onto nitrocellulose membranes, and Western blot analyses were performed as previously described (35) . Total cell extracts were prepared by homogenizing cell pellets directly in 1ϫ Laemmli buffer and heating 10 min at 96°C. Volumes corresponding to 1.5 · 10 8 cells were loaded in each lane. As an additional control, we verified that equivalent protein amounts were loaded by staining all proteins on the membrane with Ponceau red dye prior blocking. In order to run the YhbE-SPA-tagged protein at its expected molecular weight, samples in denaturing buffer were left unheated before loading on the gel. Monoclonal anti-Flag M2 used to detect the 3Flag and SPA tags was purchased from Sigma. Anti-mouse IgG-Alexa Fluor 680 secondary antibodies were purchased from Invitrogen. Western blots were imaged and quantified using an Odyssey Fc fluorescent reader from Li-Cor Biosciences.
RESULTS
The rplU, rpmA, yhbE, and obgE genes form an operon. Because the genetic association between rplU, rpmA, and obgE is strongly conserved in bacteria (Fig. 1) , and because these genes are regulated together during the stringent response (22), we hypothesized that they are expressed as an operon. To test this hypothesis, we performed RT-PCR analysis using three different pairs of primers; one primer in each pair was within obgE, and the other was within rplU, rpmA, or yhbE ( Fig. 2A) . Amplified DNA fragments of the expected sizes, based on the reported genome DNA sequence, were obtained for each set of oligonucleotides (Fig. 2B) . The longest fragment (labeled "a") corresponded to the size predicted for a product containing all 4 open reading frames (ORFs), strongly suggesting that the 4 genes were cotranscribed under the control of a promoter located upstream of rplU.
To test for the presence of additional promoters inside the locus, we constructed a series of fusions to green fluorescent protein (GFP) containing the upstream regions from the rplU, rpmA, yhbE, and obgE genes (23) (Fig. 2A) . Only the transcriptional fusion containing the DNA region upstream of rplU drove expression of GFP. Fluorescence from the other constructs was comparable to that from the pUA66 control plasmid (Fig. 2C) . These results suggest that the 4 genes are transcribed as a polycistronic message from a single promoter located upstream from rplU.
A promoter located upstream from rplU was also identified recently in a global RNA sequencing (RNA-seq) study (36) (Fig.  3A) . This promoter contained close matches to the consensus Ϫ10 and Ϫ35 elements for sigma 70 promoters, separated by a consensus 17-bp spacer length (37) . We confirmed the exact position of the transcription start site (TSS) using 5= rapid amplification of cDNA ends (5=-RACE) (Fig. 3B) . The mapped TSS is 8 nucleotides (nt) downstream of the predicted Ϫ10 hexamer, a common position for a TSS in E. coli, consistent with the predicted position of the rplU promoter. Taken together, the results suggest that rplU, rpmA, yhbE, and obgE are expressed as an operon from the rplU promoter.
Expression of the operon varies with growth phase. We also studied expression of the rplU operon at different growth phases using a transcriptional fusion to a less stable GFP variant, GFPasv (24) . The GFPasv variant allows better estimation of relative ex- pression levels during a typical growth curve analysis than the GFPmut2 used as described above. The activity of the rplU fusion was maximal during exponential growth, declined during entry into stationary phase, and shut off almost completely after several hours in stationary phase, consistent with expectations for r-protein expression (Fig. 4A) (9) .
To test whether the reduction in rplU promoter activity during stationary phase resulted in a decrease in the amounts of the L21 (RplU), L27 (RpmA), YhbE, and ObgE proteins, we created strains in which the L27, YhbE, and ObgE proteins were tagged at their C termini with a 3Flag tag or an SPA (CBP-Tev-3Flag) tag and performed Western blot analyses with anti-Flag monoclonal antibodies. Growth of the L21-tagged strain was severely affected (data not shown); therefore, we did not use this strain further. In contrast, the L27-and ObgE-tagged recombinant strains grew similarly to the parental wild-type strains (data not shown), suggesting that the L27-3Flag and ObgE-3Flag proteins were functional.
Levels of L27-3Flag, YhbE-SPA, and ObgE-3Flag proteins were higher during exponential growth than during stationary phase (Fig. 4B) . This was especially obvious for YhbE-SPA, which was undetectable in stationary phase. There was a decrease of about 2-fold for ObgE-3Flag, while the decrease in L27-3Flag was less marked. Therefore, the reduction in transcription in stationary phase did result in a decrease in protein amounts, although the reduction was not as large as the decrease in expression, suggesting that the proteins were relatively stable.
Expression of the operon is affected indirectly by ppGpp/ DksA. The rpmA, yhbE, and obgE genes were downregulated in response to amino acid starvation in microarray experiments, and this downregulation was dependent on the presence of the relA and spoT genes (22) , suggesting that ppGpp regulates expression The indicated strains (MG1655 L27-3Flag, EB113; MG1655 yhbE-SPA, EB114; and MG1655 obgE-3Flag, EB118) ( Table 2) were grown in LB at 37°C. In exponential phase (E) and after overnight growth (S), total extracts were prepared and analyzed by 12% SDS-PAGE and Western blotting as described in Materials and Methods. Quantification of the band intensities is indicated below the image in arbitrary units (A.U.). nd, the intensity was too low to be quantified.
of the operon. In addition, the majority of promoters for ribosomal proteins are inhibited directly by ppGpp and DksA (9) . These results led us to test the effects of ppGpp and DksA on transcription from the rplU promoter.
The activity of the rplU promoter was measured using constructs in which the promoter, mRNA leader, and ribosome binding site region from the rplU gene were fused to genes coding for two different GFP variants (see Materials and Methods). Fluorescence from these constructs was measured in stationary phase, when expression from r-protein promoters is relatively low in a wild-type strain (Fig. 4) . rplU expression was significantly higher in the mutant that lacked ppGpp (ppGpp°; ⌬relA ⌬spoT strain; EB425) than in the wild-type strain (Fig. 5A) . The increase in the expression of the ⌬dksA mutant (EB559) was even greater. rplU expression was lower in a strain defective for ppGpp degradation rather than synthesis (EB544; relA1 spoT203) than it was in a wildtype strain, again consistent with regulation of the promoter by ppGpp (Fig. 5A) . When the less stable GFPasv protein was employed, the apparent differences between the wild-type and mutant strains were greater (Fig. 5B) , consistent with the conclusion that ppGpp and DksA are required for inhibition of rplU expression during stationary phase and that the modest effects detailed in Fig. 5A resulted from the relative stability of the reporter protein.
Some r-protein promoters are regulated directly by effects of ppGpp/DksA on transcription initiation (9) . The rplU promoter has a GC-rich discriminator region, like many r-protein and rRNA promoters that are regulated directly by ppGpp/DksA (2, 38, 39) . However, even r-protein operons whose promoters contain GϩC-rich discriminator sequences are also regulated by a translational inhibition mechanism in which an r-protein binds to
FIG 5
The rplU promoter is indirectly affected by the stringent response. (A and B) The MG1655 (wt) strain and the isogenic EB425 (⌬relA ⌬spoT; ppGpp°), EB559 (⌬dksA), and EB544 (⌬relA spoT203) strains were transformed using UPrplU-GFPmut2 (A) or UPrplU-GFPasv (B) transcriptional fusions (with the pEB1364 and pEB1382 plasmids, respectively). Cells were grown overnight in LB at 30°C, and fluorescence and OD 600 were measured. The data show the fluorescence/OD 600 ratio in arbitrary units. Error bars indicate the standard deviations calculated from results determined for 3 replicates. (C) In vitro transcription assays. Single-round in vitro transcription assays were performed essentially as described previously (7) using E70 RNAP (10 nM) and supercoiled plasmid templates (1 nM). The reaction mixtures were incubated at 30°C for 10 min and contained 10 mM Tris-HCl (pH 8), 60 mM NaCl, 10 mM MgCl 2 , 1 mM dithiothreitol (DTT), 200 M (each) ATP, CTP, and GTP, 10 M UTP, and ϳ2 Ci [␣-32 P]UTP. Heparin (10 g/ml) was added with the nucleoside triphosphates (NTPs) as a DNA competitor to prevent transcription reinitiation. Samples were electrophoresed on a 7 M urea-5.5% polyacrylamide gel and quantified by phosphorimaging. DksA (3 M) and ppGpp (TriLink) (100 M) were added to the transcription reaction mixtures where indicated. the mRNA that encoded it and blocks translation when the repressor r-protein is in stoichiometric excess of rRNA (8) . Thus, direct effects of ppGpp/DksA on rRNA transcription could also account for effects of ppGpp/DksA on r-protein synthesis.
Since it was not clear whether the observed inhibition of rplU by ppGpp/DksA was from direct inhibition of transcription initiation at the r-protein promoter complex or from mechanisms after transcription initiation generated by inhibition of rRNA transcription, we tested whether ppGpp/DksA inhibited rplU promoter activity directly in vitro. As a positive control, we measured the effects of ppGpp on transcription of the rrnB P1 promoter; as a negative control, we measured the effects of ppGpp/DksA on the lacUV5 promoter. rrnB P1 was strongly inhibited by ppGpp/ DksA, but there was no inhibition of rplU or the lacUV5 promoter (Fig. 5C) . We conclude that the observed inhibition of rplU expression by ppGpp/DksA in vivo must be indirect.
Effect of MlrA on rplU expression. It was reported previously that MlrA is a transcription factor that acts as a positive regulator of S -dependent curli and extracellular matrix production in E. coli and Salmonella enterica serovar Typhimurium (40) . An MlrA binding motif was defined as AAAATTGTACA(12N)TGTACAA TTTT (41), a sequence similar to one present ϳ100 bp upstream of the rplU transcription start site (Fig. 3A) . The MlrA binding motif also overlaps the predicted Ϫ35 element of the divergent ispB gene that codes for the essential octaprenyl diphosphate synthase involved in quinone synthesis (Fig. 3A) . We therefore tested if MlrA affected the expression of rplU or ispB transcriptional fusions to GFPmut2 (Fig. 6A) , using a series of reporter constructs with different rplU promoter upstream endpoints and/or with substitutions in the proposed recognition site for MlrA (Fig. 6A) .
Deletion of mlrA had no effect on expression of either rplU or ispB (Fig. 6B) . Although deletion of the upstream region, including the proposed MlrA recognition site (rplU⌬box), or part of the recognition site (rplU⌬box2), reduced expression, a 4-bp substitution in the MlrA recognition site (rplUbox*), without deletion of the upstream DNA, had no effect on activity (Fig. 6C ). This suggested that the effect of the upstream region did not result from MlrA binding under these conditions. Consistent with the conclusion that MlrA has only a minimal role or no role in rplU expression, overproduction of MlrA (from a pBAD-mlrA plasmid) increased expression of rplU promoter only very slightly (Fig. 6D) . Overexpression of MlrA did inhibit expression of ispB about 2-fold (Fig. 6D) , but understanding the physiological significance of this result will require quantitation of MlrA levels and comparison of the overexpressed levels to natural levels of MlrA. We also note that MlrA activity might not be maximal under the conditions tested, since it has been reported that another protein, YdaM, directly stimulates MlrA activity as part of the c-di-GMP signaling cascade (42) .
Role of the terminator between rpmA and yhbE. Sequence analysis suggested that there might be an intrinsic terminator sequence between the rpmA and yhbE ORFs (RegulonDB [43, 44] ) (Fig. 7A) . To test the importance of the putative terminator, we deleted this sequence from the chromosome and then measured the effects on production of YhbE and ObgE. To measure the levels of YhbE and ObgE, we introduced the coding sequences for YhbE-SPA and ObgE-3Flag proteins into the chromosome, retaining control of their expression from their native regulatory regions. While YhbE-SPA was barely detectable in the wild-type strain, it was overproduced in the strain lacking the intrinsic terminator (Fig. 7B, left panel) . Qualitatively similar effects were observed with plasmids expressing the rplU, rpmA, and yhbE-SPA genes as an operon under the control of the TetR repressor, with or without the termination sequence upstream of yhbE (Fig. 7B,  right panel) . Similarly, ObgE-3Flag amounts were strongly increased in the terminator deletion mutant compared to the wild type (Fig. 7C) . Quantification of the band intensities indicated there was a 3-fold increase in the absence of the intrinsic terminator, suggesting that about 75% of the transcripts were attenuated in wild-type cells. The attenuator decreased expression of YhbE and ObgE in stationary phase as well as in exponential phase. The same 3-fold increase in protein amounts was observed for YhbE-SPA and ObgE-3Flag protein expression in the absence of the terminator (Fig. 7B and C) . Thus, the terminator appears to set the amounts of the ObgE and YhbE proteins relative to those of the ribosomal proteins but not in the regulation of their synthesis with nutritional conditions.
DISCUSSION
ObgE is proposed to play a role in ribosome biogenesis. Here, we demonstrated that obgE is cotranscribed with rplU and rpmA, ensuring that its expression is linked to that of ribosomal proteins. Thus, consistent with its proposed function, obgE's genetic linkage and regulation are coordinated, like those of many other translation factors and small GTPases (8, 16) .
A relationship between yhbE and the translation machinery is less clear. In some bacteria, rplU, rpmA, and obg are not genetically linked to yhbE, and another gene is inserted between rpmA and obg. In firmicutes, the sporulation-related gene spo0B, rather than yhbE, is located between rpmA and obg (45) . In Listeria, genes coding for a glycerol kinase and an uptake facilitator are located between rpmA and obg. In alphaproteobacteria, a gene coding for an acetyl-transferase is sometimes found at this location. This evolutionary variation in gene position adds to the uncertainty regarding a relationship between yhbE and translation.
Despite the conserved genetic association between rplU, rpmA, and obgE, their coexpression and coregulation have not been demonstrated previously. We report here that an attenuator following rpmA reduces transcription of yhbE and obgE by ϳ75%. Use of an attenuator to reduce expression of distal genes in E. coli r-protein operons has been reported previously (10, 46) . For example, the intergenic attenuator that decreases readthrough of the rpsB-tsf operon, which codes for r-protein S2 and elongation factor Ts (EF-Ts), respectively, reduces transcription of tsf by ϳ2/3 (10). It was reported previously that attenuation of obg expression in B. subtilis occurs at the translation level through an mRNA hairpin that sequesters the ribosome binding site (45) .
Whereas the terminator upstream from yhbE sets the ratio of L21 and L27 to ObgE, this does not account for their regulation with nutritional conditions. It was reported previously that the level of ObgE is about 6-fold lower in stationary-phase E. coli than in exponential-phase E. coli (6,000 versus 30,000 molecules, respectively) (47), a finding qualitatively similar to what is reported here (Fig. 4B and 7C) . As expected from studies on other r-protein operons (9), we found that ppGpp and DksA are required for this regulation in vivo (Fig. 5A and B) . We tested whether ppGpp/ DksA directly regulated the rplU promoter in vitro, as has been reported for a subset of other r-protein operons (9) (Fig. 5C ). ppGpp/DksA had no effect on rplU promoter activity in vitro. Therefore, we propose that regulation of the operon is likely the consequence of direct regulation of rRNA transcription by ppGpp/DksA, which in turn affects expression of the operon by a posttranscriptional mechanism involving binding of either L21 or L27 to the rplU mRNA (translational feedback) (8) . Because L21 is one of the proteins that binds directly to 23S rRNA during the early stages of 50S ribosomal subunit assembly (48) , it is a good candidate for a translational repressor of the rplU operon. However, further studies will be needed to test this hypothesis.
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FIG 7
The terminator downstream of rpmA affects yhbE and obgE expression. (A) Sequence, fold prediction, and position of the terminator located in the rpmAyhbE intergenic region. The figure was obtained with the online MFold Web server (52) . (B) Left panel: strains MG1655 yhbE-SPA (EB114) and MG1655 ⌬term yhbE-SPA (EB568) were grown in LB at 37°C to exponential phase (E; OD 600 ϭ 0.5) and to stationary phase (S; 24 h). Right panel: strain MG1655, transformed using pIBA-U.A.yhbE-SPA (pEB1466) or pIBA-U.A.⌬.yhbE-SPA (pEB1467), was grown in LB, and expression was induced by the use of 200 ng/ml anhydrotetracycline. The ⌬ symbol below the image indicates that the terminator is deleted in the pEB1467 plasmid. (C) Strains MG1655 obgE-3Flag (EB818) and MG1655 ⌬term obgE-3Flag (EB565) were grown in LB at 37°C to exponential phase (E; OD 600 ϭ 0.5) and to stationary phase (S; 24 h). In the experiments whose results are presented in panels B and C, total cell extracts were analyzed by 10% SDS-PAGE and Western blotting as described in Materials and Methods. Quantification of the band intensities is indicated in arbitrary units (A.U.) below the images. nd, the intensity was too low to be quantified. 
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